In this paper, we propose a spectrally and spatially tunable terahertz metasurface lens based on the surface plasmons of graphene ribbons. By tuning the graphene Fermi energy, the optical property of graphene surface plasmons can be dynamically modulated, leading to tailored abrupt phase shifts of the reflected light. We demonstrate a resulting large spectral tuning range from 4 to 6 THz for the proposed metasurface lens with a spatially adjustable focal point in tens of micrometers. The influence of electron relaxation time of graphene and thickness of ion-gel on the performance of the metasurface lens is also discussed. Such a terahertz metasurface lens with a large spectral and spatial tunability is expected to show the great potentials in realizing active terahertz elements.
Introduction
Metamaterials have been a subject of recent enormous interest due to their optical response that can be tailored to exhibit many exotic phenomena, including negative refractive index [1] , giant chirality [2] , [3] , and indefinite permittivity [4] . Recently, metasurfaces, the two dimensional versions of metamaterials, have been demonstrated to be a novel approach to control electromagnetic wavefronts [5] , [6] . The phases of electromagnetic wave can be abruptly adjusted over the scale of a wavelength by utilizing the phase responses of such resonant elements [7] . The relevant property is quite different from conventional optical components (e.g., lens, prisms) which rely on the gradual phase variations along the optical path. Numerous innovative functionalities based on metasurfaces have been realized, including planar lens [8] , anomalous reflections [9] and high efficiency holograms [10] , [11] . However, metasurfaces generally suffer weak tunability because Schematic of a unit cell in the tunable metasurface lens, in which the metal reflector can enhance the reflectance and expand the phase shift range of the reflected light. For the unit cell, the period and width of the graphene ribbon are 5 μm and 3 μm, respectively. The thickness and permittivity of SiO 2 spacer are set as 8 μm and 2.1, respectively. The ion-gel layer is with a thickness of 0.2 μm, and the permittivity is chosen to be 5.5 [28] .
they mainly consist of noble metals or dielectric materials, whose intrinsic properties are difficult to change [12] , [13] . A promising way to realize dynamically tunable metasurfaces is the integration of resonant elements with tunable materials. In this context, graphene, a single atomic layer composed of carbon atoms, has attracted tremendous interest due to its unusual optical and electronic properties [14] - [18] . Graphene can support surface plasmons with high confinement and low losses at infrared and terahertz regime, and the carrier density of graphene can be dynamically tuned by external gating voltage, resulting in the tunability of plasmonic responses [19] , [20] . Thus, graphene becomes a promising candidate for tunable metasurface in infrared and terahertz region. Although a lot of studies have shown that metasurfaces based on graphene plasmons possess many extraordinary properties, such as anomalous reflection [21] , [22] and reflective focusing [23] - [27] , the modulation of electromagnetic waves from spectral and spatial aspects by utilizing the tunability characteristics of graphene plasmons still remains unexplored.
In this paper, we propose and demonstrate a spectrally and spatially tunable terahertz metasurface lens based on surface plasmons of graphene nanoribbons. We show that the response frequency and the focal point of the metasurface lens can be dynamically modulated through varying the Fermi energy of graphene nanoribbons. In particular, the operation frequency can be tuned from 4 THz to 6 THz, and the focal point can be adjusted several tens of micrometers in the directions which are parallel and perpendicular to the lens axis. Furthermore, we show that the performance of the metasurface lens can be improved by increasing the electron relaxation time of graphene and reducing the thickness of ion-gel.
Results and Discussion
The proposed graphene metasurface lens, as schematically shown in Fig. 1(a) , consists of a graphene ribbons array covered by ion-gel film, a dielectric gap layer, and a metal mirror. The high capacitance ion-gel is employed to tune the Fermi level of the graphene [26] . In the design of functional metasurface, it is highly desired that the phase shift of the reflected light can be varied in a large extent, and the ideal case is from −π to π. A metal layer acting as a reflection mirror is designed under the graphene ribbons to form a Fabry-Perot resonator, which can enhance the light-graphene interaction and expand the phase range [10] . Moreover, the metal mirror is also helpful for improving the reflectance of graphene ribbons, hence increasing the focusing efficiency of the metasurface. Fig. 1(b) shows the cross section of the metasurface in our simulation. For a normally incident transverse magnetic wave, when the frequency matching condition is satisfied [10] , the plasmonic mode on graphene ribbons can be excited with a strong absorption of the incident light. More importantly, an abrupt phase shift can be generated by the remission of graphene plasmonic mode to free space. Since the graphene plasmonic mode is dependent on graphene Fermi energy E f , we can adjust the phase shift of the reflected light by varying the Fermi energy of graphene.
We first investigate the plasmonic response of the metasurface by performing full wave simulations by using the commercial finite element solver COMSOL multiphysics. In our simulation, the graphene is modeled as a surface current boundary condition with surface conductivity defined as a Drude-like expression [22] , [29] 
Here, e is the elementary charge, h is the plank's constant, and τ is the carrier relaxation time which is assumed to be 0.2 ps. Fig. 2(a) shows the calculated reflectance as a function of the Fermi energy of graphene and incident frequency. Three bands are visible in the 2D reflectance color map, which are corresponding to the excitations of three different orders of graphene plasmonic modes. It is found that the frequencies of the reflectance dips can be predicted by the standing wave resonant model of graphene ribbons, which gives the dispersion relation of the graphene plasmons [30] :
Here, w is the ribbon width, ε 0 is the vacuum permittivity, m is the resonance order, ϕ is the phase pickup, ε i on−gel and ε Si O 2 are the relative permittivity of the ion-gel layer and the SiO 2 layer, respectively. Fig. 2(b) illustrates the analytical results calculated by Eq. (1), which are in good agreement with the numerical results given in Fig. 2(a) . We notice that only the odd modes, namely m = 1, m = 3, and m = 5 are excited, because the interference is destructive for even modes.
The relative phases of the reflected light, as shown in Fig. 2(c) , clearly show a phase shift with a large range from -π to π while changing Fermi energy in a wide frequency range. We extracted three lines from Fig. 2(c) at the frequencies of 3.5 THz, 4 THz, and 7 THz, and plotted them in Fig. 2(d) . It is shown that the reflected phase at 3.5 THz is changing rapidly when the Fermi level is under 0.3 eV, but exhibits little variation as the Fermi energy further increases. At 5 THz, the reflected phases cover a broad range from −2 rad to 2.8 rad. However, the variation of the reflected phase is less than π when the frequency is 7 THz. These results indicate that we can achieve a continuous phase modulation via varying Fermi energy of graphene ribbon in the unit cell. In order to optimize the following metasurface lens, we selected the frequencies near 5 THz (i.e., 4 THz to 6 THz), where the relative phase covers a large extent and the reflectance is high.
In what follows, we describe the tunable reflective focusing lens on the basis of the above resonant properties. To design a planar lens, it is required that the phase difference of the reflected light from every unit cell to the focal point has an equivalent value. The corresponding phase for all unit cells should obey the following equation,
where x stands for the distance from lens axis to the center position of the unit cell, F is the focal length, and λ is the wavelength of incident light. Based on Eq. (2), we investigated the realization of planar lens at varied frequencies. Operating frequencies at 4 THz, 5 THz and 6 THz were selected to demonstrate the spectral tunability of the metasurface lens, and all focal lengths were assumed to be 100 μm. The design procedures are explained by taking the operating frequency of 5 THz as an example: Firstly, the reflected phase of a unit cell at position x was calculated according to Eq. (2), in which F = 100 μm and λ = 60 μm (i.e., f = 5 THz). Next, the corresponding Fermi energy for such unit cell can be extracted from the red line in Fig. 2(d) based on the calculated reflected phase ϕ. Lastly, the Fermi energy of the unit cells (101 unit cells in the modelling herein) were extracted, the required phase profile of Eq. (2) can be obtained. The extracted Fermi energy distributions of the unit cells are plotted in Fig. 3(a) -(c) for the operating frequencies of 4 THz, 5 THz and 6 THz, respectively. According to such Fermi energy distributions, we simulated the metasurface lens and the results are presented in Fig. 3(d)-(f) . It is clear that terahertz focusing can be realized based on such metasurface lens. The focal lengths at 4 THz, 5 THz and 6 THz are 112 μm, 96 μm and 102 μm, respectively, which have small discrepancies with the designed focal length of 100 μm. Such discrepancies are reasonable, because the reflected phase of a metasurface unit cell cannot cover the whole phase range (from -π to π). Particularly, the reflected phase range at 5 THz is from −2 to 2.8, as shown in the Fig. 2(d) . Therefore, when the phase values are smaller than −2 or bigger than 2.8 in the design process, they are replaced by −2 or 2.8 as approximations, which inevitably cause small discrepancies between the design values and actual results. Note that the size of focal point at 6 THz is smaller than those at 5 THz or 4 THz in Fig. 3(d)-(f) . This is because the wavelength at 6 THz is shorter, hence the diffraction effect is relatively weaker, resulting in a smaller focal point. It should be also noted that the spectrally tunable metasurface herein can work well in the range of 4 THz-6 THz by merely varying the Fermi energy of graphene ribbons, without changing the configurations of the lens. Now we investigate the spatial tunability of the focal point of the metasurface lens. Firstly, we show that the focal point can move along z-axis by varying the Fermi energy distribution of the graphene ribbons. The design procedures are similar to those of Fig. 3 . In more detail, the first step is to calculate the phase profile according to Eq. (2), where the focal lengths are designed to be 50 μm and 150 μm. The second step is to extract the Fermi energy distribution according to the calculated phase profile from the red line in Fig. 4(d) . The corresponding extracted Fermi energy distributions are displayed in Fig. 4(a) and (b) for focal lengths of 50 μm and 150 μm, respectively. The simulated results are illustrated in Fig. 4(c) and (d) . We can see that the focal point can be readily tuned from 50 μm to 150 μm by varying the Fermi energy distribution of graphene ribbons.
Secondly, we demonstrate that the focal point can also move along x-axis. Eq. (2) should be modified as follows:
where x represents the shift distance along x-axis. The x is designed to vary from −100 μm to 100 μm to achieve the shifting along the x-axis. The design procedure is to calculate the phase profile from Eq. (3) firstly, and then extract the Fermi level distributions from the red lines in Fig. 4(d) , as shown in Fig. 4 (e) and (f). The shifting of focal point along the x-axis can be realized, and Fig. 4 (g) and (h) show the focal point can move 100 μm towards the negative or positive direction of x-axis, which are in good agreement with our design. Thus, we can conclude that the metasurface lens can move both along z-axis and x-axis by varying the Fermi energy distributions of graphene ribbons, clearly indicating that the focal point is spatially tunable. It is worth noting that we only focus on the case of normal incidence in the above discussions, however the results could be readily extended to the cases of oblique incidences. The only difference is that the initial phases of terahertz waves in oblique incidence cases are no longer identical, and accordingly the Fermi energy of graphene nanoribbons should be adjusted to compensate these initial phase differences.
At last, we discuss the factors that impact the performance of the metasurface lens. The first factor is the electron relaxation time of graphene, which is expressed as τ. Generally, a longer relaxation time means a higher electron mobility, which is one important characteristic of high quality graphene. Fig. 5(a) and (b) show the simulated reflectance and phase of the reflected light for different τ, where the frequency of incidence wave is 5 THz. It can be seen that the variation of electron relaxation time has an impact on the amplitude of the reflectance. Specifically, as the electron relaxation time increases from 0.01 ps to 5 ps, the minimum of reflectance raises from about 0 to 0.9. This is because longer electron relaxation time can result in less loss, and leads to higher reflectance. One interesting feature of Fig. 5(a) is that the valley of reflectance doesn't shift, suggesting that the resonant frequency is independent of the electron relaxation time. This phenomenon can be explained by the fact that τ does not change the dispersion relationship of graphene ribbons (see Eq. (1)). The other interesting phenomenon is that the reflected phase is almost independent of τ, as shown in Fig. 5(b) . These results suggest that a longer τ can improve the reflectance of the metasurface lens, and has little influence on the reflected phase. Hence, a high quality graphene is beneficial for boosting the efficiency of the metasurface lens.
The second factor which impacts the performance of the metasurface lens is the thickness of ion-gel, since it could alter the resonant properties of graphene plasmons. The dependence of reflectance and reflected phase of a metasurface unit cell on ion-gel thickness is shown in Fig. 5(c) and (d), respectively. From the Fig. 5(c) , we can see that as the thickness of ion-gel increases from 0.01 μm to 5 μm, the minimal reflectance decreases slightly, indicating that the thickness of ion-gel has a small influence on the reflectance. However, it is found that the thickness of ion-gel impacts the reflected phase considerably, as displayed in Fig. 5(d) . To be specific, when the thickness is smaller than 1 μm, the reflected phase varies greatly as Fermi energy increases from 0.2 eV to 0.8 eV. When the thickness is larger than 1 μm, the reflected phase is nearly unchanged when Fermi energy increases from 0.2 eV to 0.6 eV, but changes rapidly when Fermi energy is larger than 0.6 eV. Such case is undesirable in practice, because it is relatively difficult to control the phase in such a narrow range. These results suggest that a thinner ion-gel is more suitable for modulating the reflected phase by varying the Fermi energy of graphene.
Conclusion
In conclusion, we demonstrated a spectrally and spatially tunable terahertz metasurface lens by exploiting the dynamical tunability of graphene plasmons. It is shown that the resonant frequencies of the lens can be tuned from 4 THz to 6 THz and the focal point can be varied in tens of micrometers by simply varying the Fermi energy of graphene, without changing the configurations of the metasurface lens. Also, it is demonstrated that graphene with better quality could improve the efficiency of the metasurface lens, and a thinner ion-gel is beneficial for modulating the reflected phase. The proposed metasurface lens may provide great potential for active terahertz systems.
